Abstract-This paper investigates the effects of input limiting on the performance of linear and nonlinear filters when the input signal is contaminated by impulsive noise modeled as an alphastable (Į-stable) random process. The nonlinear filters chosen are from the median family filters: median and recursive median filter, and Wiener filter from the linear filter group. The hypothesis being tested in this paper is that front-end limiting will increased the performance of median filter when the noise was extremely impulsive. Each image has been analyzed for four impulsive noise parameter values, Į = 2, 1.5, 1, and 0.5 which cover a range of noise behaviors from Gaussian, through Cauchy, to impulsive. One method of handling very large impulses is to incorporate in the receiver over-voltage protection in the form of an analog limiter which clips the received signal before the filtering process. The simulation results obtained suggest that the front-end limiting enhances the performance of median filters in dealing with images, where it eliminates the highly impulsive noise while preserving useful detail in the image.
I. INTRODUCTION
It is well known that a large number of filtering algorithm used in signal processing rely on the fundamental assumption that the underlying signal and noise obey a Gaussian distribution [1] . However, their performance is degraded in the presence of impulsive noise. Therefore, there is a need to study the case of impulsive noise more closely: and one way to do this is to model the noise as an Į-stable random process. The complete class of symmetric Į-stable distributions is usually characterized by their characteristic functions as (1) [2] :
(1) where x Į is the characteristic exponent satisfying 0 < Į 2 and it controls the heaviness of the tails of the distribution; a smaller Į signifies heavier tails, and thus the noise more impulsive.
x Ȗ is the dispersion parameter which measures the spread of the probability density function (pdf) around its location parameter, similar to variance of a Gaussian pdf [2] .
Two well known classes of Į-stable pdfs are the Gaussian distribution, arising from (1) when Į = 2, and Cauchy distribution when Į = 1, as shown in Fig. 1 . II. LIMITING THE IMPULSIVELY NOISY INPUT Signals are often corrupted by impulsive noise due to errors generated in communication channels. It is possible to eliminate or suppress noise in the signals before the filtering operation. One method of handling very large impulses is to incorporate in the receiver over-voltage protection in the form of an analog limiter which clips the received signal before filtering. Fig. 2 depicts the proposed method. An analog limiter is added at the front-end of the receiver in order to clamp the impulsive peak noise to the threshold values, ± V. The limiting operation can be represented by (2) , and depicted pictorially as in Fig. 3 . The limiter implementation in this project is designed to clip the impulsively noisy signal when its value is outside a certain range. The limiter does not affect the signal that is passing through it unless that signal also reaches the threshold values, ± V. If the modulus of the noisy input signal exceeds V, the limiter prevents the signal from becoming any more impulsive by providing as much as attenuation as is needed to keep the signal from exceeding the threshold. If the noisy signal stays below the threshold, then the limiter becomes inactive.
Since we are dealing with a random process, the Monte Carlo simulation technique has been used to determine the optimum value for the limiter threshold, denoted as V opt . The approach taken in this paper was using 10,000 Monte Carlo Table I . 
A. Linear Filtering
The Wiener filter is a class of optimum linear filter which involves linear estimation of a desired signal sequence from another related sequence [3] . It is effective in reducing noise and for Gaussian noise case.
The goal of Wiener filtering is to obtain an estimate of the original signal from a degraded version of signal [3] . An image degraded by additive noise n(i, j) can be represented as (3):
where x(i, j) and y(i, j) denote the original and observed noisy image, respectively. The noise is assumed to have zero mean and variance ı n 2 . The first step in the filtering process is to find the variance of the data matrix. Then, a box of a certain size, known as a window is moved around the matrix, column by column and row by row. The value of local mean m x and variance ı x 2 for every window position is calculated. The Wiener filter is optimal in the sense of minimizing the mean square error (MSE) of the output, that is the filter minimizes the error between the original output and the desired output. It is given by (4): (4) where denotes the restored image [4] . As the window moves through the entire data matrix, the solution for each window-shift is calculated using (4) to produce the filtered output image.
B. Nonlinear Filtering
It is well known that median filters are very useful for image restoration. The success of the median filter is based on two properties: edge preservation and efficient impulsive noise suppression [5] . However, it may remove important image details. A brief discussion of the basic properties of 2-D median and recursive median filter is provided in the following subsection.
1) Median Filtering:
In median filtering, each pixel in the image is replaced by the median value of the pixels within a selected neighborhood. The window moves over the image and at each shift the median value of the data within the window is taken as the output. The median value is calculated by first sorting all the pixel values from the surrounding neighborhoods into ascending order and then replacing the pixel that is being considered with the median pixel value. The following expression defines the 2-D median filter operation using 3×3 square window [6] :
where x(i, j) and y(i, j) are the input and output sample data, respectively.
2) Recursive Median Filtering: The recursive median filter is a modification of the median filter where the median value of the sample of the window is replaced by the computed median value before the window is shifted to the next position [7] . In different terms, we can say that the filter output is fed back into the filter and replaced the old input value. The output of recursive median filter with K = 2N + 1 window length is given by [7] : (y i, j-N , ..., y i, j-1 , z i,j ,..., z i,j+N ) 
where
and the x i,j are the elements of the 2-D signal input. The recursive median filter exhibits superior impulse-removal performance compared to non-recursive filter, but at the expense of blurring the image signals.
IV. PERFORMANCE EVALUATION TECHNIQUE The performance of each filter is assessed by observing the images after the noise has been filtered out. Besides using this subjective measure, an objective criterion, the mean square error (MSE) is used to measure the quality and the effectiveness of the limiter-filter combinations -by calculating the MSEs between the original, degraded, and processed images. This is given by: (8) where M and N are the dimensions of the images. S and Y represent the pixel values from two different images that have been tested [8] .
V. RESULTS AND DISCUSSIONS Some computer simulations are carried out to assess the performance of this method. The original test image is the well known Lena image with the dimension of 512×512, and with 8 bits resolution per pixel. The image under consideration operates on a 256-levels grayscale. The filtering window size is fixed to 3×3 and 5×5 pixels. Fig. 4 and Fig. 5 are the results when applying 3×3 window. By comparing all figures in Fig. 4 , as expected, Wiener filter performs the best in Gaussian noise environment as shown in Fig. 4(i)(b) because it is optimal linear filter for Gaussian noise.
A. Performance of Unlimited Filters
As the noise becomes impulsive, that is when Į = 1.5, the performance of the unlimited recursive median filter is the best, as shown in Fig. 4(ii)(c) , and is then followed by the unlimited recursive median filter (shown in Fig. 4(ii)(d) ). Between these two, the former is preferred to the latter because it was effective at reducing the noise. The unlimited recursive median filter has the disadvantage of blurring, thus reducing its quality.
As the noise gets more impulsive with further reduction in Į, it is found that the output of the Wiener filter as illustrated in Fig. 4(iii)(b) closely resembles the original noisy image (Fig. 4(iii)(a) ). Thus, we can say that the Wiener filter does not work well at removing the impulsive noise. This is the point where the nonlinear filters show their extraordinary ability at impulsive noise removal. As expected, the performance of the unlimited median filter is still the best and is then followed by the unlimited recursive median filter. We can find that the blotching artefacts are greatly suppressed and the image quality is improved. As we can see, the recursive median filter affects the edges and makes the picture looks slightly blurred, as illustrated in Fig. 4(iii)(d) .
When the noise is highly impulsive, that is when Į = 0.5, it is found that the Lena image is greatly corrupted, as illustrated in Fig. 4(iv)(a) . In this case, the unlimited recursive median filter demonstrates superiority of eliminating the impulses over the unlimited median filter. However, a slight smearing of the edges remains. Another interesting observation is that the objective MSE evaluation does not agree with the human subjective evaluation, since the recursive median filter eliminated most of the impulsive noise.
It is found that the rank order of the performance of the filters is similar to their counterparts when we considered 5×5 window, as tabulated in Table II. 
B. Performance of Limited Filters
The filtering routine in this section was similar to that in the previous section except for the introduction of limiting.
Visual comparison on the reconstructed images demonstrated that there are no great differences between the limited Wiener filter and the limited median filter outputs when Į = 2. However, the MSE result confirmed that the performance of the limited median filter is the best. This is followed closely by the limited Wiener filter. The limited recursive median filter is still the worst. All comparative results are summarized later in Table 3 . This confirmed that the median filter can work well in Gaussian noise environment if we have first limited the noise present in the system before the filtering operation.
As the value of Į decreases to 1.5, it is found that the limited median filter outperforms other filters. When we compare the filtered image between the unlimited and limited cases for Wiener filter output, it can be seen that only the black dots (low intensity) of the impulsive noise are remaining in the picture after the limiting operation, as demonstrated in Fig. 5 (ii)(b). We can say that the limited Wiener filter can only remove the high frequency components of the impulses noise which is represented by the white dots. It does not remove all the noise pixels. The limited recursive median output looks blurred, as shown in Fig. 5 (ii)(d).
For Į = 1, it is found that the quality of the image from the limited median filter is the best, as shown by MSE value in Table 3 . It does an excellent job of eliminating the impulsive noise without destruction of edges. The limited recursive median filter has stronger capability at noise suppression, but it also blurred the image.
For the noisiest environment, it is found that the recursive median filter outperforms the limited median filter. Besides the impressive noise suppression demonstrated by the limited recursive median filter, it can be seen that too much distortion is introduced, as illustrated in Fig. 5(iv)(d) .
Again, the rank order of the limited filter's performance is similar when we applied 5×5 window, as shown in Table III. VI. CONCLUSIONS Throughout this paper, we have demonstrated the effects of the limiting operation on 2-D filtering, for linear and nonlinear filters, aimed at providing an improvement of filter performance in impulsive environment.
It is shown by simulation that the unlimited Wiener filter is best suited for Gaussian noise case only. This is expected since the linear filter is the optimum MSE estimator in this case.
Based on the experimental results, the median filter has shown an improvement over the Wiener filter in Gaussian noise environment after the noisy signal has been clipped. Thus, the difference in performance between the median filter and the Wiener filter has been reduced. This confirms that the median filter can work well in Gaussian noise environment if we first limited the noise present in the system before the filtering operation.
Also, it is found that either the median filter or the recursive median filter performs better in a highly impulsive noise environment by visual appearance. Recursive median filter has stronger noise suppression capability than the median filter. Unfortunately, too much signal distortion is introduced due to the recursive operation.
This suggests that the front-end limiting enhances the performance of the median filter.
